Changes in cell adhesion and polarity are closely associated with epithelial cell transformation and metastatic capacity. The tumor suppressor protein ASPP (Apoptosis-Stimulating Proteins of p53) 2 has been implicated in control of cell adhesion and polarity through its effect on the PAR complex. Here we demonstrate that under hypoxic conditions, the ubiquitin ligase Siah (seven in absentia homolog)2 controls ASPP2 availability, with concomitant effect on epithelial cell polarity. LC-MS/MS analysis identified ASPP2 and ASPP1 as Siah2-interacting proteins. Biochemical analysis confirmed this interaction and mapped degron motifs within ASPP2, which are required for Siah2-mediated ubiquitination and proteasomal-dependent degradation. Inhibition of Siah2 expression increases ASPP2 levels and enhances ASPP2-dependent maintenance of tight junction (TJ) integrity, and polarized architecture in three dimensional (3D) organotypic culture. Conversely, increase of Siah2 expression under hypoxia decreases ASPP2 levels and the formation of apical polarity in 3D culture. In all, our studies demonstrate the role of Siah2 in regulation of TJ integrity and cell polarity under hypoxia, through its regulation of ASPP2 stability.
INTRODUCTION
The ubiquitin-proteasome system has a fundamental role in the post-translational control of pathways engaged in normal and stress-altered homeostasis, and is thus intimately involved in numerous pathophysiological processes. Members of the Siah (seven in absentia homolog) family are mammalian homologs of the Drosophila Sina (seven in absentia). Siah ubiquitin ligases contain RING domains and target growing number of substrates for ubiquitin-dependent proteasomal degradation. 1 In mammals, Siah1 and Siah2 are implicated in the control of several key cellular responses. Siah-dependent regulation of prolyl hydroxylases, HIPK2 or AKAP121, for example, takes place primarily under hypoxic conditions and links Siah proteins to the control of hypoxia, DNA damage responses and mitochondrial dynamics. [2] [3] [4] Siah has a physiological role in Ras signaling that is conserved from Drosophila to mammals. 5, 6 An increasing number of studies, employing a variety of cancer models, have demonstrated the role of Siah proteins in tumor development and metastasis. [6] [7] [8] [9] Here, we identify ASPP1 and ASPP2, two of the three members of the ASPP (Apoptosis-Stimulating Proteins of p53) family, as Siah-interacting proteins and substrates. ASPP proteins were shown to have a role in the transcriptional control of apoptosisrelated genes, in part through their effect on p53 family proteins. 10, 11 Studies in the ASPP2-deficient mouse support a role for ASPP2 as a tumor suppressor. 12 Recent studies have pointed to a role for ASPP2 in the regulation of cell-cell adhesion and cell polarity. dASPP (Drosophila homolog of ASPP2) modulates cell-cell adhesion and ASPP2, and PAR-3 in mammalian cells regulate tight junction (TJ) formation in an interdependent manner. [13] [14] [15] Several mechanisms have been shown to control ASPP2, including epigenetic silencing, EF1-mediated transcription and proteasome-dependent degradation. [16] [17] [18] [19] Here, we identified Siah E3 ligases that control the stability of ASPP1 and ASPP2 proteins. By controlling the availability of ASPP2, Siah2 emerges as an important regulator of cell-cell junction integrity and cell polarity under hypoxia.
RESULTS AND DISCUSSION
Siah2 Interacts with ASPP1 and ASPP2 A search for putative new Siah2 substrates was performed using LC-MS/MS analysis of proteins bound to a ligase-deficient Siah2 RING mutant (Siah2RM). Among Siah2-bound proteins, this analysis confirmed three known Siah-interacting proteins, OGDH (2-oxoglutarate dehydrogenase), GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and TPX2 (microtubule-associated protein homolog) (Supplementary Figure S1a ). [20] [21] [22] Notably, this analysis also identified a high number of peptides for two members of the ASPP proteins, ASPP1 and ASPP2. Initial support for the possibility that ASPPs may be Siah2 substrates was the finding that both proteins contained Siah2 degrons (Supplementary Figure S1a) , and that bands corresponding to the expected molecular weight of ASPP proteins were detected in the silver staining analysis of Siah2-interacting proteins (Supplementary Figure S1b ). These initial observations were corroborated by a series of Siah1/2-ASPP1/2 biochemical studies. First, we observed a specific interaction between ASPP1/2 and Siah1/2 using ectopically expressed proteins (Figure 1a ; Supplementary Figure S1c ). Of interest, the in vitro analysis for ASPP1/2-Siah1/2 interaction was higher using immunoprecipitated ASPP1 and ASPP2 (Figure 1b ; Supplementary Figures S1d and S1e), suggesting that ASPP1/2 may be subject to posttranslational modification required for efficient interaction with Siah2. Notably, specific interaction between endogenous ASPP1/2 and Siah2 was also detected, albeit in the presence of the proteasome inhibitor, implying that inhibition of proteasomedependent degradation of ASPP1/2 upon association with Siah2 increases the available pool of ASPP1/2 for interacting with Siah2 ( Figure 1c ; Supplementary Figure S1f ). That input level of ASPP2 was not increased in cells treated with MG132, which is consistent with the notion that ASPP2 requires post-translational modification for efficient recognition by Siah2, enriched upon IP. Among the two ubiquitin ligases, endogenous Siah2, but not Siah1, was found to interact with ASPPs, implying physiologically relevant regulation of these substrates by Siah2.
ASPP2 Interaction with-and Degradation by Siah2 is mediated by the Conserved Siah Degrons
Expression of wild-type (WT) Siah1 and Siah2 efficiently reduced the steady-state levels of ASPP1 and ASPP2, whereas the ligasedeficient RING mutant proteins did not elicit this change, suggesting that Siah1/2 requires its ubiquitin ligase activity for regulation of ASPP1/2 protein stability (Figure 1d ; Supplementary Figures S2a and S2b). Common to Siah substrates is the presence of Siah degron (P Â A Â V Â P or V Â A Â V Â P), which is required for Siah2 interaction and concomitant ubiquitination-dependent degradation. 23 Given the presence of putative degrons in ASPP1 and ASPP2, we tested their possible requirement for Siah effect (Supplementary Figure S2c Figure S2d ). Consistent with this, mutation of the two degrons significantly attenuated ASPP2 degradation by Siah2 (Figure 1g ), pointing to the requirement of these degrons for Siah2 control of ASPP2 stability. ASPP1/2 stability is regulated by Siah2-dependent proteasomal degradation To further establish the role of Siah2 in the control of ASPP1/2 protein stability, we analyzed Siah1a þ / þ Siah2 þ / þ (WT) and Siah1a À / À Siah2 À / À (DKO) mouse embryonic fibroblasts (MEFs). 4 In agreement with previous observations, the steady-state level of ASPP1 and ASPP2 proteins was higher in DKO than WT MEFs (Figure 2a) . Notably, the level of iASPP, the third member of the The Siah degrons in ASPP2 were mutated as indicated using site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA). Cell lysates from HEK293T transfected with indicated constructs were analyzed by IB. The relative band intensity was measured by Image J and calculated by setting the band intensity of control lane (without Siah2) as 1.
Siah2 in the regulation of tight junction integrity and cell polarity H Kim et al ASPP family, which contains a homologous C-terminus but lacks the Siah degron, was not altered in DKO cells (Figure 2a ). 24 There was no corresponding increase of ASPP1 and ASPP2 transcripts in DKO cells ( Figure 2b ). Consistent with the changes seen at the protein level, Siah2 knockdown (KD) in WT MEFs increased the level of ASPP2 and ASPP1 proteins ( Figure 2c ). Furthermore, stable expression of Siah2RM in WT MEFs increased the steady-state level of ASPP1 and ASPP2 protein, but not their transcripts (Figure 2e ), suggesting that Siah2RM outcompetes endogenous Siah effect on ASPP2 stability.
We further examined the involvement of the proteasomes in Siah2-mediated control of ASPP expression. Inhibition of proteasome activity increased ASPP1 and ASPP2 expression in WT, but not in DKO MEFs (Figure 2d ), supporting a role for Siah1/2 in proteasome-dependent regulation of ASPP1/2 stability.
We next analyzed the effect of Siah2 on the half-life of ASPP2. Under inhibition of protein synthesis, the half-life of ASPP2 was significantly prolonged in DKO MEFs (Figure 2f ). Consistent with these observations, high molecular weight forms of ASPP2 were evident in cells expressing Siah2 WT, which were further (Figure 2g ), suggesting that these are ubiquitin chains conjugated to ASPP2. Similarly, in vitro ubiquitination reactions using bacterially expressed Siah2, but not Siah2RM, efficiently caused the ubiquitination of immunopurified ASPP2. Collectively, these findings establish that ASPP1/2 are Siah1/2 substrates, and that their stability is regulated by Siah-dependent ubiquitination and proteasome-dependent degradation.
Siah2 regulates TJ integrity by controlling ASPP2 expression Given the growing evidence supporting a role for ASPP2 in the control of TJ formation and cell polarity, 14, 15 we asked whether Siah2 regulation of ASPP2 stability would affect TJ. Consistent with previous reports, reduced expression of ASPP2 in NRK-52E, kidney tubular epithelial cells, significantly attenuated ZO-1 relocalization to TJ and impaired barrier function (lower TEER value) upon calcium recovery (Figures 3a-d ; Supplementary Figures S3a and  S3b) . 14, 15 Conversely, KD of Siah2 and overexpression of ASPP2 significantly accelerated TJ assembly as evidenced by a rapid relocalization of ZO-1 at cell junction and significantly enhanced barrier function (higher TEER value) compared with the control (Figures 3a-d) , pointing to the importance of the Siah2-ASPP2 regulatory axis in TJ formation. Consistent with these observations is the finding that ectopically expressed Siah inhibitory peptide derived from the fly phyllopod protein (PHYL-130, consists of the N-terminus 130 amino acids from phyllopod protein in D. melanogaster) 25 efficiently attenuated the activity of endogenous Siah2 as reflected in stabilized ASPP2 protein, and increased relocalization of ZO-1 at cell-cell contact. These findings substantiate the role of Siah2 in the regulation of TJ formation (Figure 3e; Supplementary Figure S3c ). Given the disruption of cell-cell junction during epithelialmesenchymal transition (EMT), we next explored a role for Siah2 and/or ASPP2 in TJ integrity during EMT. 26 For this, we chose NMuMG cells, a classical model for studying TGF-b-driven EMT, and established stable clones expressing short hairpin RNA targeting Siah2, ASPP2, or both, or Siah2-resistant ASPP2 due to mutation within the Siah2 degrons (Figures 3f and g) . TGF-b stimulation, required to achieve the EMT phenotype in these cells, was reflected in the disruption of TJ. Significantly, Siah2 KD markedly attenuated the ability of TGF-b to induce TJ disruption monitored by ZO-1 localization at cell junction. Furthermore, KD of ASPP2 in the Siah2 KD cells resulted in diffuse redistribution of ZO-1 in the cytoplasm, suggesting that ASPP2 is involved in the resistance to TJ disruption, observed upon Siah2 KD (Figure 3f ). Indeed, overexpression of ASPP2 attenuated TGF-b-mediated TJ disruption, supporting a causative role for ASPP2 in maintaining TJ integrity. Inhibition of Siah2 ligase activity upon ectopic expression of PHYL-130 resulted in increased ASPP2 expression and attenuated TGF-b-mediated TJ dissolution ( Supplementary  Figures S3d and S3e) . Collectively, these observations suggest that ASPP2 availability controlled by Siah2 serve to finely tune TJ plasticity. Of interest, comparable expression of N-cadherin upon TGF-b treatment suggests that the Siah2-ASPP2 pathway affects cell-cell junction integrity independent of N-cadherin (Figure 3f ), consistent with a previous report. 27 Siah2 regulates 3D morphogenesis of mammary epithelial cells under hypoxia Given the effect of Siah2 on TJ integrity, which defines the border of apico-basolateral junction, and since ASPP2 is expected to also affect apical polarity as part of the Par-3 complex, 16, 28 we tested the possible effect of Siah2-ASPP2 module on three dimensional (3D) morphogenesis of mammary epithelial cells. Consistent with a previous report, B40% of NMuMG spheres were hollowed after 10 days of organotypic culture (Supplementary Figure S4a) . 29 Using this model, we found that either ASPP2 overexpression or Siah2 KD markedly accelerated the formation of hollowed acini (Figure 4a ). Conversely, the formation of hollowed acini was completely inhibited upon ASPP2 KD (Figure 4a ), pointing to the key role that ASPP2 has in the lumen formation. Along the same lines and consistent with Siah2 regulation of ASPP2 within the TJ regulatory complex, KD of ASPP2 in Siah2 KD cells attenuated Siah2 effect on acini formation (Figure 4a ). Importantly, impaired lumen formation in ASPP2 KD cells was associated with disruption of apicobasal polarity. Compared with the well-polarized acinar structure reflected by ZO-1 localization at the apical junctions in control cells, ASPP2 KD cells formed solid spheres lacking lumen and apical localization of ZO-1 (Figure 4b ), suggesting that ASPP2 contributes to the formation of polarized structures during 3D morphogenesis. Interestingly, ASPP2 KD also increased acini size due to increased proliferation index (evidenced by high percentage of Ki-67-positive cells; Supplementary Figures S4b-S4d) .
Given the roles of Siah2 on cellular adaptation to hypoxia, we set to determine whether the Siah2-ASPP2 regulatory axis affects the formation of polarized structure at low oxygen levels. Consistent with earlier reports, 2, 4 Siah2 expression was elevated in cells that were maintained under hypoxia. A corresponding decrease of ASPP2 protein level was observed (Figures 4c and d) . Notably, Siah2 KD or mutation of Siah2 degron in ASPP2 (ASPP2 Mt) attenuated the decrease of ASPP2 protein levels under hypoxia (Figure 4e ), thereby suggesting a Siah2-dependent control of ASPP2 stability under hypoxia. Next, we monitored possible changes in early phase of apical polarity formation under normoxia or hypoxia growth conditions. 3D organotypic culture that was maintained for 4 days under normoxia or hypoxia 4 were analyzed with ASPP1, iASPP (Sigma), ASPP2 11 and b-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA) (left, a representative image). Relative fold increase was analyzed by Student's t-test (P-values are indicated) from three independent immunoblots (n ¼ 3) (right). (b) Transcript levels were analyzed by qPCR (n ¼ 2). (ASPP1; 5 0 -TGCCAAGGAACAGCGTTTACA-3 0 , 5 0 -GGGCTTCAACTCGCTCTTTCA-3 0 , ASPP2; 5 0 -CAACAAATGCTGGCTACTAAGGA-3 0 , 5 0 -cacgagttttccgttgctca-3 0 , iASPP2; 5 0 -TAGAGGCCCGTTTTGGACG-3 0 , 5 0 -CCCGATCTAGGCTGCTCTAG-3 0 , Siah1a; 5 0 -GCTGAAAATTTTGCATATCG-3 0 , 5 0 -CCAGGAAAGTTTTAGGTTGG-3 0 , Siah2; 5 0 -GCTGAGAACTTTGCCTA CAG-3 0 , 5-GCTATGCCCAAATAACTTCC-3 0 , 18s rRNA; 5 0 -GTAACCCGTTGAACCCCATT-3 0 , 5 0 -CCATCCAATCGGTAGTAGCG-3 0 ). (c) Cell lysates from WT MEFs stably expressing scrambled (SC) or Siah2 short hairpin RNA 4 were analyzed by IB with indicated antibodies. Anti-Siah1 was from Sigma. (d) Cell lysates of MEFs cultured in the presence or absence of MG132 (10 mM, 5 h) were analyzed. Fold increase was calculated relative to control (without MG132), and analyzed by Student's t-test (P-values are indicated) from three independent immunoblots (n ¼ 3) (right). (e) WT MEFs expressing empty vector (pBabe/pB) or pBabe-Siah2RM (pB-S2RM) were analyzed by IB and semiquantitative PCR. (f) Cell lysates of MEFs cultured in the presence cycloheximide (50 mg/ml) (EMD Millipore) for the indicated times were analyzed by IB. Relative fold decrease was analyzed by Student's t-test (P-values are indicated) from three independent immunoblots (n ¼ 3) (lower). Anti-tubulin antibody was from Santa Cruz Biotechnology. (g) Cell lysates from HEK293T cells transfected with the indicated plasmids were subjected to in vivo ubiquitination analysis by IP with anti-V5 and subsequent IB with anti-HA (ubiquitin) antibody. 30 (h) Immunoprecipitated v5-ASPP2 were subjected to an in vitro ubiquitination reaction with recombinant GST-Siah2 WT or RM. Lysates and ubiquitination reaction were analyzed with anti-V5 antibody after extensive washing. All data in graphs are shown as mean ± s.d. the level of apical ZO-1 localization (50.3%, reduction for control P ¼ 0.01148 versus 21.3% reduction for ASPP2 mutant, P ¼ 0.15988) (Figures 4f and g) , supporting the causal role of Siah2-regulated ASPP2 in apical polarity formation during 3D morphogenesis. Collectively, our findings demonstrate that Siah2 contributes to the control of TJ integrity and epithelial polarity through its regulation of ASPP2 stability while demonstrating the physiological significance of this regulatory axis under hypoxia. Given that polarity disruption has been implicated in both tumor initiation and progression, 26 and inhibition of Siah2 impairs growth and metastasis in a number of tumor types, [6] [7] [8] [9] the Siah2-ASPP2 regulatory axis characterized in this study is expected to have an Figure 4 . Siah2 regulates cell polarity in mammary gland epithelial cells. (a) NMuMG cells expressing indicated that shRNA(s) were grown in growth factor-reduced Matrigel (BD Transduction) using the overlay method as described. 31 Acini with hollowed lumen were counted in a blinded manner at indicated day and the frequency was calculated from total acini (n ¼ 90-140). The data from three independent slides were statistically analyzed (Student's t-test) and presented as mean ± s.d. (n ¼ 3). (b) Representative images of acinar structures. Scale bars in PC (phase contrast Â 10) or in PC ( Â 40) indicate 20 or10 mm, respectively. Acini on day 10 were analyzed using indirect immunofluorescence staining with anti-ZO-1 (red) and anti-E-cadherin (green). 31 Nuclear (blue) were visualized by DAPI. (c) The transcript's level in cells grown under normoxia (20% oxygen) or hypoxia (1% oxygen) (Tri-Gas cell culture incubator, Sanyo, Osaka, Japan) for 24 or 48 h was assessed by qPCR (Glut1; 5 0 -CAGTTCGGCTATAACACTGGTG-3 0 , 5 0 -GCCCCCGACAGAGAAGAT-3 0 ). The values represent the mean fold increase under hypoxia. Data are presented as mean ± s.d. (n ¼ 2). (d) Lysates from NMuMG cells grown under normoxia (Nor) and hypoxia (Hyp) for 12, 24 or 48 h were analyzed by IB. The arrowheads indicate HIF-1a and Siah2. (e) Cell lysates of NMuMG expressing indicated that constructs were grown under normoxia or hypoxia for 48 h followed by immunoblot analysis. Band intensities were normalized to beta tubulin. The arrowhead indicates ASPP2. (f, g) Cells were grown in Matrigel under indicated oxygen conditions for 4 days. ZO-1 and E-cadherin in acini were visualized using corresponding antibodies. The frequency was calculated from the number of acini with apical localization of ZO-1 counted from total acini (n ¼ 90-120) in a blinded manner. Data from three independent slides are analyzed statistically (Student's t-test) and presented as mean±s.d. (n ¼ 3). (g) Representative images of acinar structures stained with ZO-1 (red) and E-cadherin (green) antibodies. Scale bars 10 mm. The arrowheads point apical localization of ZO-1.
Siah2 in the regulation of tight junction integrity and cell polarity H Kim et al important role in tumorigenesis as in metastasis. Conceptually, the role of Siah2-ASPP2 axis in control of TJ integrity and tissue polarity under hypoxia, coupled with the established link between hypoxia and EMT, offers a new framework for understanding the contribution of hypoxia to tumor metastasis.
